Larvae are thought to be highly vulnerable to offshore transport in productive upwelling regions, which increases cross-shelf and alongshore dispersal, limits recruitment, and reduces the strength of community interactions. We investigated whether the last planktonic stages of shallowwater crabs (1) occur far offshore during the peak upwelling season in a region of strong upwelling that is recruitment limited, (2) occur farther offshore during upwelling than relaxation conditions, (3) occur farthest from shore at a major headland where currents are deflected offshore, and (4) recruit less during years of stronger upwelling. Crab postlarvae were collected from between 1 and 70 km from shore at 3 locations across an upwelling cell during upwelling and relaxation conditions in northern California, USA, for 3 yr, and recruitment was measured at 2 sites during 2 of these years. Postlarvae of all species collected were most abundant on the inner continental shelf (84%) and were scarce in the open ocean. Postlarvae of 3 taxa only occurred on the inner shelf, whereas postlarvae of the other 3 taxa collected occurred in low abundances on the outer shelf even during prolonged upwelling. They were abundant close to shore at the Point Reyes headland where flow is deflected offshore. Postlarvae did not occur farther from shore during a year of very strong upwelling, and 4 of 7 taxa recruited more then. Thus, crab postlarvae do not appear to be advected far offshore or recruit less during strong upwelling conditions, and the cause and extent of recruitment limitation warrants further investigation.
INTRODUCTION
The recruitment of propagules is a key determinant of the dynamics and structure of populations and communities and has been a central focus of ecological studies for over a century. Nevertheless, the role of recruitment in determining population dynamics and community structure in the sea is still not well understood due to fundamental differences in the life cycles of typical marine and terrestrial organisms (Morgan 2001 , Carr et al. 2003 . It is extremely difficult to determine the source and fate of marine organisms with planktonic larvae, because they spend weeks developing in oceanic currents that may transport them far from natal populations (Thorson 1950 , Scheltema 1975 , Morgan 1995 . Fisheries biologists began attributing wide fluctuations in year class strength to variation in larval loss long ago (Hjort 1914) , and decades of research have shown that stock-recruitment relationships are notoriously poor (Frank & Leggett 1994) . Until compar-atively recently, marine ecologists have focused on interspecific interactions during the adult phase of the life cycle, and interest in the larval phase has largely been limited to larval settlement, the last moments of larval life (Morgan 2001 , Underwood & Keough 2001 . A resurgence of interest in recruit-stock relationships by benthic ecologists has led to the recognition that abundant recruitment generates intense post-settlement interactions and high mortality, whereas little recruitment leads to weaker interactions, lower mortality, and the persistence of cohorts of recruits in populations (Morgan 2001 , Underwood & Keough 2001 . However, oceanographic conditions determining the large temporal and spatial variation in larval supply are not well understood and are becoming a focal point of investigation by marine ecologists (Young 1990 , Morgan 2001 , Underwood & Keough 2001 .
Temporal and spatial variation in reproductive timing and subsequent larval settlement is now thought to be determined by larvae being swept far offshore in upwelling regions, thereby limiting their ability to return to replenish adult populations nearshore (Parrish et al. 1981 , Yoshioka 1982 , Roughgarden et al. 1988 ). Strong prevailing winds, combined with the Coriolis effect, transport larvae in surface waters toward the equator and far offshore via Ekman transport, while cold, nutrient-rich bottom waters upwell along the shore, generating high productivity and some of the world's most productive fisheries (Hickey 1998 , Kirincich et al. 2005 . Compelling evidence has been provided that larvae of an intertidal barnacle are swept far off the coast during periods of strong upwelling, limiting the number of recruits to coastal communities and subsequent interactions among them (Gaines & Roughgarden 1985 , Roughgarden et al. 1988 ). Larvae were advected far from shore during years of strong upwelling, limiting recruitment to infrequent relaxations of prevailing upwelling winds (Roughgarden et al. 1988 , Farrell et al. 1991 . Larvae occurred shoreward of an 'upwelling front' that may form between cold upwelled water nearshore and warmer water offshore, and the distance of this front from shore was proposed as a good indicator of recruitment in time and space (Roughgarden et al. 1988 , Farrell et al. 1991 , Grantham 1997 . Many key insights into the ecology of marine communities sprang from conducting small-scale manipulative experiments of adults on these shores, and the recognition that oceanographic forcing could account for much of the unexplained temporal and geographic variation in larval recruitment was highly influential in refocusing the direction of the field (Young 1990 , Morgan 2001 , Underwood & Keough 2001 .
Stronger, more persistent upwelling in central and northern California than in the Pacific Northwest and southern California (Parrish et al. 1981 , Hickey 1998 , Kirincich et al. 2005 ) may reduce settlement and the intensity of benthic interactions for invertebrates on the rocky shore (Connolly et al. 2001 , Menge et al. 2004 ). Similar results have been obtained across large spatial scales in upwelling regions elsewhere in the world (Broitman et al. 2001 , Hutchings et al. 2002 , Menge et al. 2003 , Rilov & Schiel 2006 . Upwelling intensity also varies within regions and partially explains mesoscale variability in larval density patterns along the shoreline. For example, upwelling is strongest at headlands where alongshore flow is deflected far offshore transporting larvae with it and limiting recruitment (Ebert & Russell 1988 , Lagos et al. 2005 , Kaplan & Largier 2006 , Roughan et al. 2006 ). An eddy may form in the lee of headlands that concentrates larvae in high abundance (Wing et al. 1995 , Mace & Morgan 2006a . During relaxation events, larvae are transported poleward from these retention areas by alongshore currents (Wing et al. 1995 (Wing et al. , 2003 . Thus, larval retention is thought to occur only in the lee of headlands, and recruitment elsewhere is limited to infrequent relaxation events.
It is also becoming increasingly apparent that larvae may remain closer to parental populations than previously believed (Strathmann et al. 2002) . Larvae of some coastal species remain close to shore throughout development while others migrate various distances offshore (Queiroga & Blanton 2005 , Morgan 2006 ). These interspecific differences in cross-shelf migrations are behaviorally mediated by the timing, duration, and amplitude of vertical migrations around the mean depth of larvae relative to seaward-flowing surface waters and landward-flowing bottom waters (Queiroga & Blanton 2005 , Morgan 2006 ). Characteristic circulation of upwelling regions may contribute to the passive retention of larvae nearshore while also enabling behavioral regulation of transport (Peterson et al. 1979 , Grantham 1997 , Shanks & Eckert 2005 , Papastephanou et al. 2006 , Morgan et al. 2009 ). A coastal boundary layer of weaker cross-shelf and alongshore flow coupled with depth regulation in opposing stratified currents may play a role in keeping crab larvae close to shore. Larvae that remain beneath the shallow Ekman layer nearshore are expected to be advected slowly onshore and alongshore (Largier et al. 1993 , Peterson 1998 , Kirincich et al. 2005 . Larvae resist being carried to the surface in upwelled waters and are trapped in an onshore flow convergence near the coast (Genin et al. 2005 , Shanks & Brink 2005 . Ontogenetic changes in vertical distribution enable other species to migrate beyond the coastal boundary layer. Early larval stages of some species occur in the Ekman layer, transporting them offshore and equatorward, whereas later larval stages occur at depth, advecting them onshore and poleward (Grantham 1997 , Peterson 1998 , Shanks & Eckert 2005 , Papastephanou et al. 2006 , Morgan et al. 2009 ). Postlarvae also are delivered onshore by internal waves and wind relaxations or reversals (Pineda 1995 , Shanks 1995 , Grantham 1997 , Wing et al. 2003 . Diel vertical migrations between the 2-layered flow also can keep larvae in the coastal boundary layer and on the continental shelf, depending on the species (Peterson 1998 , Batchelder et al. 2002 , Marta-Almeida et al. 2006 , dos Santos et al. 2008 . Thus, the effect of ocean conditions on larval settlement and benthic interactions could vary considerably among rocky shore species depending on the extent of their crossshelf larval migrations.
We tested the hypotheses that postlarvae of shallowwater species of crabs (1) occur on the outer shelf or in the open ocean rather than on the inner shelf during the peak upwelling season in a region of strong upwelling that is recruitment limited, (2) occur farther offshore during upwelling than during relaxation conditions, (3) occur farthest from shore at major headlands where currents are deflected offshore, and (4) recruit less during years of stronger upwelling. Alternatively, if larval behavior effectively regulates cross-shelf transport and recruitment, then some species should occur only close to shore while other species occur farther offshore, even during upwelling conditions, at headlands and during years of strong upwelling. Recruitment also should not be diminished by strong upwelling. To provide a robust test of these hypotheses, we determined the cross-shelf distributions of crab postlarvae (last planktonic stage, also known as megalopae) and recruitment for consecutive years during the peak upwelling season in a region of strong upwelling that is recruitment limited.
MATERIALS AND METHODS
Study system. The study was conducted in the upwelling cell between Point Reyes and Point Arena in northern California (Fig. 1 ), at the windiest place along the west coast of the USA (Koracin et al. 2004) . Crabs in this region spend weeks to months developing in the plankton. Anomuran (Porcellanidae, Paguroidea) and brachyuran crabs (Cancridae, Majidae, Pinnotheridae, Grapsidae) commonly recruit onshore after developing through 2 to 5 larval stages and a postlarval stage before returning to the benthos as juveniles (Morris et al. 1980 , Wing et al. 1995 , Mace & Morgan 2006a . Adult porcellanids and grapsids are restricted to shallow waters, whereas adult cancrids, majids, pinnotherids, and pagurids primarily reside on the inner shelf with some species ranging to the outer shelf or slope (Morris et al. 1980) . Cancrids along the California coast release larvae between December and March (Reilly 1983 , Strathmann 1987 , during seasonal strong winds from storm events and a weakly poleward nearshore flow (Hickey 1998) . They spend the next 1 to 6 mo developing in the plankton, depending on the species (Reilly 1983 , Strathmann 1987 , Grantham et al. 2003 , Shanks & Eckert 2005 . Peak settlement occurs in April and May after nearshore flow shifts equatorward and upwelling conditions prevail (Largier et al. 1993 , Hickey 1998 , Roughan et al. 2006 . The other crabs spend only about 1 to 2 mo in the plankton and settle primarily from May to August (Grantham et al. 2003 , Shanks & Eckert 2005 , Mace & Morgan 2006a .
The cross-shelf distributions of crab larvae have not been determined in our region but have been described off the coast of Oregon (Lough 1974) . Little has been published on their vertical distributions, although it was recently found that 98% of larvae and postlarvae of 45 species occur < 50 m deep in the surface mixed layer (Morgan et al. 2009 ). Postlarvae of several species of majids and grapsids occur in the neuston in surface convergences, and postlarvae of several species of cancrids occur < 5 m deep, where they could be transported onshore by winds and internal waves (Shenker 1988 , Hobbs & Botsford 1992 , Shanks 2006 .
Larval distributions. Crab postlarvae were collected throughout the water column along 3 cross-shelf transects consisting of 18 stations that were sampled during the Wind Events and Shelf Transport (WEST) cruises ( Fig. 1 , Table 1 ). Transects spanned most of the upwelling cell between Point Arena and Point Reyes and extended 1 to 70 km from shore, well beyond the shelf break (~30 km offshore). Eight cruises were conducted between mid-May and mid-June during upwelling and relaxation conditions for 3 yr (2000 to 2002) . The ship was scheduled well in advance of cruises, precluding adaptive sampling to target brief, infrequent relaxation events. Offshore sea surface temperature and wind speed and direction were obtained from the National Data Buoy Center (NDBC 46013, 38°13'30"N, 123°19'00"W), and the wind data were rotated in the alongshore direction to a principal axis of 349.4° . Upwelling events were characterized by 36 h low-pass-filtered equatorward wind speeds greater than 5 m s -1 and cold sea surface temperatures, and relaxation conditions occurred when wind speeds were less than 3 m s -1 and surface temperatures were warm.
Five cruises were conducted during upwelling conditions, and 3 cruises were conducted during relaxation events (Table 1) . Two cruises were conducted in 2000, and both were conducted during relaxation conditions. The first cruise followed 2 wk of strong upwelling at the onset of relaxation (2 to 5 June). The second cruise occurred after 3 d of relaxation and before upwelling returned (17 to 20 June). Three cruises occurred in 2001: 2 during upwelling and 1 during relaxation conditions. The first cruise (19 to 24 May) followed 4 d of strong upwelling and coincided with 3 d of relaxation and 2 d of upwelling. The second (3 to 10 June) and third (11 to 14 June) cruises were conducted during prolonged upwelling conditions following 2 d and 10 d of upwelling, respectively. All 3 cruises in 2002 were conducted during prolonged upwelling conditions following 3 d (31 May to 1 June), 9 d (7 to 9 June), and 2 d (15 to 17 June) of upwelling. Stations were sometimes skipped due to logistical difficulties and inclement weather. Overall, more stations were sampled during prevailing upwelling (52) than relaxation (38) conditions and off Bodega Bay (37) and Point Reyes (31) than Salt Point (22). Similar numbers of stations were sampled each year (2000: 27; 2001: 32; 2002: 31) and time of day (day: 47; night: 43). The percentage of samples taken during the daytime was as follows: 68% during upwelling and 32% during relaxation; 27% off Salt Point, 43% off Bodega Bay, and 30% off Point Reyes; and 25% in 2000 , 36% in 2001 , and 39% in 2002 The vertical distributions of crab postlarvae are not well known along the West Coast, and therefore plankton was sampled through most of the water column at each station to ensure capture. Paired bongo nets (0.6 m net diameter, 335 µm and 500 µm mesh) were towed obliquely from either 5 m off the bottom or 200 m depth to the surface. The depth of the net above Table 1 for sampling details. Note that the size of the circles is proportional to the maximum mean density of each taxon the bottom was determined by comparing the reading of the pressure sensor on the net, which was continuously transmitted to the vessel via conducting cable, to the sonar reading of bottom depth aboard the research vessel. A maximal depth of 200 m was chosen to approximate the depth of the water column at the edge of the continental shelf. Ship speed was maintained at 2 knots while retrieving the nets at 10 m min -1 . Both nets were fitted with flowmeters (General Oceanics TM model 2030) to determine the volume of water filtered, and larval densities were standardized to m -3 of water sampled. Samples were fixed in a buffered 10% formaldehyde-seawater solution, transferred to 70% ethanol, and subsampled using a 1 l Folsom plankton splitter.
A large majority of crab postlarvae were identified to species or genus and the rest were identified to broader taxonomic levels. All postlarvae collected belonged to 4 families (Porcellanidae, Cancridae, Majidae, Pinnotheridae) and 1 superfamily (Paguroidea) of brachyuran and anomuran crabs. Adults from the family Porcellanidae were mostly Pachycheles spp., Petrolisthes cinctipes, and Petrolisthes eriomerus. The cancrids were mostly Cancer antennarius and C. magister; the majids were mostly Pugettia spp., the pinnotherids were mostly Fabia subquadrata; and the pagurids were mostly Pagurus samuelis, P. hirsuitiusculus, and P. granosimanus.
Cross-shelf distributions of postlarvae during each cruise were examined for each species and genus. They were similar within each family and superfamily, and data were combined for presentation and analysis. Sampling stations were categorized to determine whether postlarvae occurred primarily on the inner shelf, outer shelf, or open ocean. The shelf break occurs approximately 30 km from shore in our study region so the division between the inner and outer shelf is about 15 km from shore ( Fig. 1 ). Sampling stations located 1 to 12 km from shore occurred on the inner shelf (including the Point Reyes headland), those located 20 to 30 km from shore occurred on the outer shelf, and those situated 40 to 70 km from shore occurred in the open ocean ( Fig. 1) . Larval concentrations (per m 3 ) were multiplied by the depth of the water column and are presented per m 2 to account for vertical dilution of postlarvae in the deepening water column across the continental shelf. The mean concentration of postlarvae is shown for each cross-shelf category and the area in the lee of Point Reyes to depict the prevalence of postlarvae across the study area. The single station in the lee of Point Reyes is a documented retention zone and is depicted separately from the group of stations sampled on the inner shelf. This unreplicated station provides an indication of the postlarval distributions between the lee of the headland and adjacent waters across the continental shelf, but additional sampling in the lee of the headland would have been needed to reliably test for differences among the areas.
Postlarvae of 2 taxa only occurred on the inner shelf, and the total numbers of postlarvae are depicted without analyzing them statistically, given that our primary objective was to determine their cross-shelf distributions. A 3-factor analysis of variance (ANOVA) was conducted to determine whether postlarvae of each of these 3 taxa occurred farther offshore (cross-shelf) during upwelling than relaxation conditions (wind) and farther off the Point Reyes headland compared to the other 2 locales (transect). To account for potential differences in larval production among years, the dependent variable for each taxon was the proportion of postlarvae per station within each year. Data were Table 1 . Sampling dates, number of stations sampled along transects and during the daytime and nighttime, mean (±1 SE) sea surface temperature (SST), and alongshore wind speed and classification of upwelling conditions for 8 cruises conducted off the coast of northern California, USA. Offshore SST and wind speed and direction were obtained from the National Data Buoy Center (NDBC 46013, 38°13' 30"N, 123°19' 00" W). Wind data were rotated in the alongshore direction to a principal axis of 349.4°and filtered with a 36 h low-pass filter. Upwelling events were characterized by equatorward wind speeds greater than 5 m s -1 , and relaxation conditions occurred when wind speeds were less than 3 m s -1 arcsine square-root transformed to meet assumptions of normality and homogeneity of variance. Crossshelf × wind interactions revealed whether postlarvae occurred farther offshore during upwelling than relaxation conditions, and cross-shelf × wind × alongshore interactions revealed whether postlarvae occurred farther offshore at Point Reyes during upwelling conditions. ANOVAs were followed by a Tukey-HSD multiple comparison test for the main factors without significant interaction terms. We determined whether each of the 3 taxa occurring beyond the inner shelf were farther offshore during the 2 cruises that were conducted during upwelling conditions in 2001 or the 3 cruises that were conducted during upwelling conditions during 2002. A 2-factor ANOVA determined whether postlarval distributions within each year (year) and across the shelf (crossshelf) differed interannually (year × cross-shelf interaction). Larval densities were log 10 (x +1)-transformed to meet the assumptions of normality and homogeneity of variance.
Larval recruitment. Larval recruitment of crabs, barnacles, and mussels was monitored weekly throughout the peak upwelling season (15 May to 22 August) at 2 locations while cruises were being conducted in 2001 and 2002, and recruitment was related to interannual variation in upwelling. Larval recruitment was monitored weekly off Pinnacle Rocks in Bodega Bay and off the Bodega Marine Laboratory along the exposed coast of Bodega Head. Three moorings were spaced approximately 50 m apart along the 10 m isobath in sandy substrate adjacent to submerged rocks at each site. Standard settlement substrate was placed on each mooring 1 m below the surface and 1 m above the bottom. Settlement substrate for crabs and mussels consisted of 2 mesh bags (10 × 30 cm) containing 3 Tuffy ® kitchen scrub pads each. Substrate for barnacles was a 10 × 10 cm polyvinylchloride plate covered on both sides with black 3M ® Safety Walk tape. Collectors were rinsed in fresh water, and recruits were preserved in 70% ethanol.
Crab recruits consisted of the same species that were most abundant during the plankton survey, and they were classified into the same taxonomic categories. However, pinnotherid postlarvae were not collected; they are commensal and unfortunately do not recruit to artificial collectors. Barnacle (Cirripedia) recruits were Chthamalus spp., Balanus glandua, B. crenatus, and Tetraclita rubescens. Mussel recruits likely consisted mostly of Mytilus californianus, although M. galloprovincialis and M. trossulus also occur far less abundantly on exposed coasts in the area. Data were combined for the 2 depths and 2 sites to test for differences in larval recruitment between 2001 and 2002. ANOVA was conducted for 5 taxa that met assumptions of normality and homogeneity of variance. A Kruskal-Wallis test was conducted for 2 taxa that did not meet these assumptions (Cancridae, Mytilus spp.).
Upwelling conditions. The strength of upwelling conditions was determined for our study by obtaining mean daily values of the Bakun Coastal Upwelling Index (CUI: m 3 s -1 100 m -1 coastline) for our region (39°N, 125°W) from the Pacific Fisheries Environmental Laboratory (www.pfeg.noaa.gov). The CUI characterized the strength of upwelling conditions during the 3 wk before the first cruise in each year to the end of the study period. We compared CUI values during our study to those obtained 3 wk before cruises that were conducted in central California (36°N, 122°W) during a previous study on the effect of upwelling on larval advection offshore (Roughgarden et al. 1988 ). We also obtained the CUI beginning 1 mo before the recruitment study to the end of the study (15 April to 22 August) for each year and for the same time period during the preceding 5 yr. This period included a strong El Niño (1997) (1998) and strong La Niña (1998) (1999) providing a frame of reference.
RESULTS
The upwelling index was considerably greater during the 3 wk preceding all cruises in our study region (minimum of 112.6 ± 24.5 [SE] in 2000; maximum of 228.1 ± 37.9 in 2002) than for cruises conducted off central California in the 1970s and 1980s (exceeding 85 m 3 s -1 100 m -1 only once during 7 yr). The CUI was higher during the 3 wk preceding the 3 cruises conducted during upwelling in 2002 (193.3 ± 33. 3) compared to the 2 cruises conducted during upwelling in 2001 (167.7 ± 21.3) . The CUI during the recruitment study was greater during (174.8 ± 12.4) than 2001 Fig. 2) . CUIs during the 5 yr preceding our study ranged from 110.7 ± 8.7 during the strong El Niño of 1997-98 and 184.5 ± 12.2 during the strong La Niña of 1999 ( Fig. 2) .
Of the 5 crab taxa collected, pinnotherid postlarvae were the most prevalent (7888) followed by cancrids (1776), pagurids (216), majids (56), and porcellanids (33). The large majority (84%) of all postlarvae occurred on the inner shelf (Fig. 1) . Postlarvae of pagurids and porcellanids occurred only on the inner shelf (Fig. 1) . Most cancrid (77%), pinnotherid (77%), and majid (58%) postlarvae also occurred on the inner shelf and declined with distance from shore (Fig. 1) . Postlarvae of these 3 taxa along the southern transect appeared to be more prevalent on the inner shelf than in the lee of the headland.
Postlarvae of the 3 taxa that occurred beyond the inner shelf did not occur farther offshore during upwelling than during relaxation (Fig. 3, Table 2 ).
Postlarval density of each taxon declined across the shelf during both upwelling and relaxation conditions, were prevalent during both upwelling and relaxation conditions, and were common across all 3 transects. Neither the cross-shelf × wind nor cross-shelf × wind × alongshore interaction terms were significant for any taxon, indicating that postlarvae did not occur farther offshore during upwelling conditions along any transect.
Postlarvae of the 3 taxa that occurred seaward of the inner shelf did not occur farthest from shore during the year of strongest upwelling (2002; Fig. 4 ). Cancrid and pinnotherid postlarvae declined with distance from shore overall (cross-shelf: Cancridae F 2,2 = 3.7, p = 0.03; Pinnotheridae F 2,2 = 3.4, p = 0.04) during cruises that were only conducted during upwelling conditions in 2001 and 2002, but this pattern was much less pronounced for majids (cross-shelf: F 2,2 = 1.2, p = 0.30). Postlarval densities were similar between years for all 3 taxa (year: Cancridae F 1,1 = 1.6, p = 0.22; Pinno- theridae F 1,1 = 0.00, p = 0.99; Majidae F 1,1 = 0.05, p = 0.83), as were cross-shelf distributions (year × crossshelf: Cancridae F 2,2 = 0.00, p = 0.99; Pinnotheridae F 2,2 = 0.60, p = 0.55; Majidae F 2,2 = 0.60, p = 0.55). Postlarval recruitment did not generally decline in the year of strongest upwelling (Fig. 5 ). Recruitment was greater in the year of strongest upwelling (2002) than in the year of more moderate upwelling (2001) for 4 of the 7 taxa: Grapsidae, Paguroidea, Mytilus spp., and Cirripedia. It was greatest in the year of more moderate upwelling (2001) only for majids.
DISCUSSION
Larval distributions and recruitment of shallowwater crabs were not consistent with 4 tenets of the recruitment-limitation hypothesis. Few postlarvae were advected far from shore into the open ocean during the peak upwelling season in this region of strong upwelling and recruitment limitation. The large majority of all crab postlarvae (84%) collected occurred on the inner shelf, and postlarvae were scarce off the shelf during both relaxation and upwelling conditions even at the windiest place along the west coast of the USA (Koracin et al. 2004 ). This pattern of maximal densities on the inner shelf was evident for postlarvae in 5 broad taxa that are known to disperse different distances from shore (Lough 1974) . Porcellanids and pagurids occurred only on the inner shelf, whereas pinnotherids, cancrids, and majids often occurred on the outer shelf in low concentrations during our study as they did in the weaker upwelling conditions off Oregon (Lough 1974 ). Further, similar results were obtained during a subsequent 2 yr study of the cross-shelf distributions of crustacean larvae off Bodega Bay (Morgan et al. 2009 ). Thus, the cross-shelf distributions of crab postlarvae are consistent in time and space, even though postlarvae were predicted by the recruitment-limitation hypothesis to be transported farthest offshore by the strong Ekman transport in our region (Roughgarden et al. 1988) . Previous studies (Yoshioka 1982 , Roughgarden et al. 1988 ) were based on California Cooperative Oceanic Fisheries Investigations cruises that did not sample less than 8 km from shore where the maximal concentration of larvae occurs (Tapia & Pineda 2007 , Morgan et al. 2009 ). Consequently, the proportion of larvae advected offshore during upwelling may well have been overestimated.
180 Table 2 . Cancridae, Pinnotheridae, and Majidae. Three-way ANOVA determining whether postlarvae occurred farther offshore (cross-shelf) during upwelling than during relaxation conditions (wind) and at the Point Reyes headland than at the other 2 locales (transect). The dependent variable was the proportion of postlarvae per station within each year to standardize for potential differences in larval production among years. Postlarvae did not occur farther from shore during upwelling than during relaxation conditions for any of the 5 taxa, nor did they occur father from shore during a year of very strong upwelling than during more moderate upwelling conditions. A large majority of postlarvae occurred on the inner shelf regardless of wind conditions, and the remainder largely occurred on the outer shelf shoreward of the upwelling front. The upwelling front during this study occurred over the outer shelf from 15 to 25 km from shore between the 100 and 200 m isobaths, separating newly upwelled waters on the shelf from warmer waters of the California Current (Roughan et al. 2006) . The front was characterized by a distinct thermal and biomass boundary and different plankton assemblages occurring along each side of it, despite occasionally breaking down and reforming (Kudela et al. 2006 , Papastephanou et al. 2006 . The front was best developed and closest to shore in 2000, coinciding with weaker upwelling winds and more frequent relaxations, and it occurred farther offshore in 2001 and 2002 (Kudela et al. 2006 , Roughan et al. 2006 .
The recruitment-limitation hypothesis also predicts that larvae are swept far offshore at headlands where currents are deflected offshore in a coastal jet (Ebert & Russell 1988 , Kaplan & Largier 2006 ), but we found limited support for this idea. Slightly more postlarvae of the 2 most abundant taxa (Pinnotheridae, Cancridae) occurred on the outer shelf at Point Reyes, but this tendency was not significant. Postlarvae of these 2 taxa were at least as prevalent at Point Reyes as at the other 2 study sites, and therefore it is unlikely that recruitment would be reduced at the headland.
Recruitment did not decline for most taxa during the year of stronger upwelling. To the contrary, postlarvae of most taxa recruited more during this year than the previous year of weaker upwelling. Although our recruitment study was conducted for only 2 yr, upwelling during the year that postlarvae of most taxa recruited was second only to the year of the strong La Niña for the 7 yr period examined. Interspecific differences in annual recruitment of crabs could depend more on the timing of the onset of the upwelling season than the intensity of upwelling, but the onset of the upwelling season was similar during both years of our recruitment study (Shanks & Roegner 2007) . Lastly, recruitment during the year is not limited to infrequent relaxation events. We previously found that many of the same species of crabs that we studied here recruited abundantly in upwelling conditions, whereas only mussels recruited more abundantly during relaxation events (Mace & Morgan 2006b, S. G. Morgan et al. unpubl.) . Although our study was not consistent with the hypothesis that advection of crab postlarvae offshore during upwelling limits recruitment, this pattern could have been obscured by other factors that regulate larval production and survival, and additional studies may be warranted. Interspecific differences in the cross-shelf distributions of postlarvae likely were maintained by regulating depth in the characteristic circulation of this upwelling region. The large majority of all postlarvae occurred on the inner shelf <12 km from shore. This roughly coincides with the location of the coastal boundary layer, which occurs within 10 km from shore in our region (Largier et al. 1993 , Kirincich et al. 2005 , Kaplan & Largier 2006 , Roughan et al. 2006 . A large majority of crab species complete larval development within the coastal boundary layer by remaining beneath the shallow Ekman layer, including most pinnotherids, porcellanids, and pagurids (Morgan et al. 2009 ). This feature of shoreline circulation (Pettigrew & Murray 1986 , Shanks 1995 likely contributes to the retention of crustacean larvae close to shore in the weaker upwelling conditions along the coasts of Oregon (Lough 1974) , central California (Grantham 1997) , and southern California (Tapia & Pineda 2007 ). Larvae of other species migrated to the outer shelf by occurring closer to the surface early in development, including cancrids and majids (Morgan et al. 2009 ). These postlarvae mostly occurred shoreward of the upwelling front, which usually occurred from 15 to 25 km from shore on the outer shelf (Largier et al. 1993 , Roughan et al. 2006 . Postlarvae likely returned to nearshore adult habitats either by descending to shoreward-flowing upwelled waters or rising to the sea surface where they can be transported shoreward by relaxation events or internal waves (Pineda 1995 , Shanks 1995 , Grantham 1997 . Natural selection may have favored simple larval behaviors that exploit conservative circulation patterns in upwelling regimes enabling larvae of different species to remain nearshore or migrate various distances offshore while limiting losses from advection. This has previously been well described for copepods (Peterson et al. 1979 , Peterson 1998 .
Postlarvae (pinnotherids, cancrids, majids) were more prevalent on the inner shelf adjacent to Point Reyes than in the recirculation feature in the lee of the headland. Although we only sampled 1 station in the lee of the headland, these findings are partly consistent with a previous study by Wing et al. (1998) . They found that cancrid and pinnotherid postlarvae were more abundant in the lee of the headland than on the inner shelf during a cruise conducted in 1994 but not in 1995; postlarvae of intertidal crabs were at least as abundant on the inner shelf as in the lee of the headland during both years. Hence, entrainment of postlarvae in the coastal boundary layer may be as important as entrainment in the recirculation feature in the lee of headlands. This may partially explain why recruitment along the open coast poleward of headlands is not always limited to the propagation of currents delivering larvae from the lee of headlands during wind relaxations or reversals (Wing et al. 2003 , Mace & Morgan 2006b .
Other possible explanations for the interspecific differences in cross-shelf distributions of postlarvae are less likely. The pattern of high inshore concentrations of postlarvae in all taxa cannot be explained by dilution of postlarvae in deep waters, because larval concentrations were standardized by the depth of the water column. Further, all larval stages of most crab species occur close to shore, indicating that they complete development there (Morgan et al. 2009 ). Avoiding sampling near the bottom could have underestimated postlarvae if they were abundant there, but most postlarvae are concentrated in the upper mixed layer (Morgan et al. 2009 ). Alongshore dilution could have contributed to low concentrations of postlarvae found offshore, but the diverse taxa collected are widely distributed to the north and south of our sampling region. Postlarvae could as easily be advected into our region from adjacent waters as they could be out of our sampling region. Food availability should not have resulted in the cross-shelf decline in postlarvae, because higher nutrients and phytoplankton close to shore should support higher densities of larvae (Kudela et al. 2006 ). More predators would also be supported by the high nearshore productivity, so that greater predation offshore is unlikely to account for the lower densities of larvae occurring there (Morgan 1990 ). The interspecific differences in cross-shelf distributions of postlarvae also are not due to differences in larval durations. The 3 taxa found only on the inner shelf do not all pass through fewer larval stages before molting to postlarvae (Porcellanidae: 2 stages; Paguroidea: 5) than the families that occurred farther offshore (Majidae: 2; Pinnotheridae: 5; Cancridae: 5; Morris et al. 1980) . It is possible that postlarvae occurring beyond the inner shelf could have originated there for some species that range into deep waters as adults as opposed to being transported there by physically or behaviorally mediated processes. However, a subsequent study showed that the large majority of postlarvae developing on the inner shelf are from species that release larvae close to shore (Morgan et al. 2009 ).
The recruitment-limitation hypothesis has been very influential in developing our understanding of population dynamics and community structure in the sea, but key tenets do not appear to apply to crabs. Larval recruitment of most species studied thus far in this region of strong upwelling was not found to be limited to infrequent relaxation events (Mace & Morgan 2006b , S. G. Morgan et al. unpubl.) , and now we have shown that postlarvae of most species did not occur far offshore during strong upwelling. It is becoming increasingly apparent that larvae of a wide range of swimming capabilities remain close to shore throughout development in upwelling regions around the world, including mollusks (Poulin et al. 2002) , barnacles (Grantham 1997 , Tapia & Pineda 2007 , Morgan et al. 2009 ), crabs (Lough 1974 , Marta-Almeida et al. 2006 , dos Santos et al. 2008 , Morgan et al. 2009 ), and fishes (Marliave 1986 , Hernández-Miranda et al. 2003 .
If larvae remain close to shore in upwelling regions, then it is unclear why these populations are limited by the number of recruiting postlarvae. Recruitment limitation could occur if larvae still occur too far from shore to recruit without being aided by infrequent relaxation events or internal waves (Pineda 1995 , Shanks 1995 . Settlement may also increase during relaxation when large breaking waves are less common and turbulence diminishes (Crimaldi et al. 2002) . It also is possible that larvae have difficulty crossing the surf zone (Rilov et al. 2008) . The extent and underlying mechanisms of recruitment limitation warrant close examination for a broader array of species. Comprehensive studies are needed to investigate the coupling of larval abundance in the plankton with settlement and postsettlement mortality on the shore to advance our understanding of processes that regulate marine populations and communities. 
